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IN HUMANS AND IN ANIMAL MODELS of retinitis pigmentosa (RP)
, rod photoreceptor degeneration occurs first, followed by cone photoreceptor degeneration (Fariss et al. 2000; Fei 2002; Strettoi and Pignatelli 2000) . In addition to photoreceptor loss, late-stage changes occur in the inner retina. These include the partial loss of retinal ganglion cells (RGCs), bipolar cells (BCs), and amacrine cells, ectopic contacts, the loss of dendritic arbors, changes in synaptic receptor expression, and the formation of glial seals (Cuenca et al. 2004; Jones et al. 2003; Lu et al. 2013; Lund et al. 1998; Marc and Jones 2003; Marc et al. 2003) . Whereas these morphological changes are well described, few studies have focused on alterations in visual function prior to the complete loss of visual responses (Lund et al. 1998; Pu et al. 2006; Puthussery et al. 2009; Sauve et al. 2001; Sekirnjak et al. 2011; Stasheff 2008; Stasheff et al. 2011) . Across RP animal models, the most frequently reported changes are an increase in RGC spontaneous spiking activity, accompanied by the onset of rhythmic activity (Margolis et al. 2008; Sauve et al. 2001; Sekirnjak et al. 2011) . Previous reports suggest signaling through the ON and OFF pathways may be differentially affected. For example, ON responses have been reported to be preferentially lost in rd1 and rd10 mice and in Royal College of Surgeons (RCS) rats (Pu et al. 2006; Puthussery et al. 2009; Sauve et al. 2001; Stasheff 2008) . Consistent with this functional change, the expression of the metabotropic glutamate receptor 6 (mGluR6), required for signaling in ON BCs, declines in the transgenic (Tg) P23H-1 rat, as well as in the rd10 mouse (Cuenca et al. 2004; Puthussery et al. 2009 ). In contrast, ionotropic glutamate receptor (iGluR) expression (specifically types 1, 2, and 4) is retained in rd10 OFF BCs even when all visually evoked responses are absent (Puthussery et al. 2009 ).
The superior colliculus (SC) has been used to assess both changes and rescue of visual function in a variety of animal models of RP. These studies note a decline followed by a loss of light-evoked responses in the SC, as well as a reduction/loss in visually driven behavior (Lund et al. 1998; Sagdullaev et al. 2003; Sauve et al. 2001 Sauve et al. , 2004 Thomas et al. 2004; Woch et al. 2001) . However, none of these studies directly addressed whether a correlation exists between changes in retinal function and SC function. For any therapeutic approach to be maximally effective, it should address all degenerative alterations, including those that occur more centrally. The purpose of the present study was to address this gap by using the same visual stimulus to compare light-evoked photopic (i.e., cone driven) responses of RGCs and SC neurons in WT rats and a rat model of RP. For this study, we chose the Tg P23H-1 rat model of RP, which carries a point mutation in the rhodopsin gene resulting in a proline-to-histidine mutation at position 23 in the rhodopsin protein. Pigmented hemizygous Tg P23H-1 rats show prolonged photoreceptor degeneration: outer nuclear layer thickness remains similar to that in WT up to approximately postnatal day 50 (P50) and then declines to ϳ50% at P150 and to ϳ12% at P300 (Sekirnjak et al. 2009 ). As a consequence of photoreceptor loss, ϳ50% of RGCs are visually nonresponsive at P150, and all light responses are lost at ϳP550 (Sekirnjak et al. 2009 ). This prolonged degeneration allows us to assess time points that represent different stages of degeneration: no/very early stage (ϳP50), early-mid stage (ϳP150), and late stage when only cone-mediated light responses remain (ϳP300). These time points are useful benchmarks to extrapolate changes that may occur in human RP patients at these different stages of disease. In this study, we compared visually evoked RGC responses to SC responses to determine if central changes simply reflect those of their presynaptic partners or if additional changes occur in this direct target of RGCs.
METHODS

Animals.
All experiments were carried out in accordance with the Association for Research in Vision and Ophthalmology "Statement for the Use of Animals in Ophthalmic and Visual Research" and with the approval of the Institutional Animal Care and Use Committee of the University of Louisville. Homozygous Tg P23H-1 rats were a gift from Dr. Matthew LaVail (University of California, San Francisco, CA). Pigmented hemizygous Tg P23H-1 rats were generated by breeding WT Long-Evans rats (Charles River Laboratories, Wilmington, MA) to homozygous Tg P23H-1 rats and were used for all experiments. Long-Evans rats were used as age-matched controls. We were able to record RGC activity on the multielectrode array (MEA) shortly after weaning (ϳP30). Our stereotaxic setup used to record SC activity precluded recordings in very young pups. As a result, the youngest animals that we recorded in the SC were ϳP50.
MEA RGC recordings. Spiking activity of RGCs was recorded in vitro using a 60-channel MEA recording system (Multi Channel Systems, Reutlingen, Germany). For MEA recordings, rats were anesthetized with an intraperitoneal injection of ketamine-xylazine (80 and 10 mg/kg, respectively). Rats were euthanized by cervical dislocation, and both eyes were enucleated and placed in light-tight chambers filled with oxygenated Ringer solution at 22°C. Under dim red light, the lens and cornea were removed, and the retina was dissected from the eyecup. Retinas were quartered, and one piece was placed RGC side down in the MEA chamber and perfused with oxygenated Ringer solution at 36°C for the duration of the experiment. For each eye, two to four quarters were recorded, although the retinal location was not noted. We recorded at least two quarters in every retina and combined the data across pieces to provide an overview of general retinal function. Data were recorded using MC_Rack software (Multi Channel Systems) and stored for offline analysis. Spike trains were sorted into single units with principal component analysis using Offline Sorter (Plexon, Dallas, TX) and further analyzed using NeuroExplorer (Nex Technologies, Madison, AL). Light-emitting diodes (LEDs) mounted in a Ganzfeld produced a full-field light stimulus (peak wavelength ϭ 470 nm; 2.4 ϫ 10 3 R*·cone Ϫ1 ·s Ϫ1 ) from a dark background. This configuration results in UV and M/L cone-driven (photopic) responses from RGCs. The stimulus consisted of 20 presentations of a light increment 2 s in duration with a 10-s interstimulus interval back to the dark background.
Extracellular recording from the SC. The procedures for extracellular recordings from the SC have been described previously (DeMarco et al. 2007; Fransen 2014; Sagdullaev et al. 2003; Woch et al. 2001) . Anesthesia was induced as described above and maintained throughout the experiments by infusion of diluted anesthesia (1:1 in Ringer solution) at ϳ0.35 ml/h via a catheter inserted into the femoral vein. The animal was fixed in a stereotaxic frame, and a craniotomy was made just posterior to the coronal suture (ϳ1.5 mm 2 ). The overlying cortex was aspirated to expose the left SC, and normal saline was used to keep the exposed surface moist. Multicellular activity was recorded in the SC using lacquer-coated tungsten electrodes (ϳ0.25-2 M⍀). Under light-adapted conditions, activity was systematically sampled across the dorsal surface of the SC. Recording sites were spaced 200 m apart, and the entire map consisted of ϳ54 recording sites. At each site, the electrode was lowered with the use of a hydraulic micromanipulator (model 2650; David Kopf Instruments, Tujunga, CA) until robust spontaneous activity was audible over a speaker. All sampling was limited to the first 400 m below the SC surface. The light stimulus (described for MEA recording) was presented to the right eye. Evoked multicellular SC responses were recorded and analyzed offline using a Power1401 interface and Spike2 software (Cambridge Electronic Design, Cambridge, UK). Custom scripts written in Spike2 analyzed the responses as follows. A threshold for significant responses was defined as a light-evoked response that exceeded 3 SE above the mean spontaneous activity. Response duration was calculated from the time the response reached threshold until it returned to threshold. The average spontaneous activity was subtracted from the peak firing rate to obtain the corrected peak response amplitude.
Immunohistochemistry. Eyes from WT and Tg P23H-1 rats were fixed in a 4% paraformaldehyde solution dissolved in phosphatebuffered saline for 20 min, dissected from the eyecup, and cryoprotected in increasing concentrations of sucrose (5%, 10%, 15%, and 20%). Retinas were frozen in a mixture of O.C.T. freezing medium-20% sucrose solution (1:1), and 20-m transverse sections were cut on a cryostat (CM1850; Leica Biosystems). WT and Tg P23H-1 sections were placed on the same slide and processed together for immunohistochemistry. Sections were blocked with 10% normal donkey serum for 1 h and then reacted with primary antibodies overnight. Primary antibodies included GluR4 (1:400; EMD Millipore, Billerica, MA), mGluR6 (1:500; Sigma-Aldrich, St. Louis, MO), and peanut agglutinin (PNA) conjugated to Alexa Fluor 568 (Life Technologies). Sections were washed in PBS and then incubated for 1.5 h at room temperature in secondary antibodies [donkey anti-rabbit (GluR4, Alexa Fluor 488) and donkey anti-sheep (mGluR6, Alexa Fluor 488; both from Sigma-Aldrich)]. Vectashield with DAPI (Vector Laboratories, Burlingame, CA) was used to label cell bodies. Slides were coverslipped and sealed with nail lacquer, and images were obtained on an Olympus laser scanning confocal microscope (Fluoview FV1000).
Statistics. Statistical analyses were performed using Prism 5 (GraphPad Software, San Diego, CA) for experimental groups defined in Table 1 . Distributions were tested for normality. Normally distributed data were analyzed using a one-way ANOVA test followed by Bonferroni's post hoc test, an unpaired t-test, or a 2 test. Nonparametric statistical analyses were used when distributions failed the normality test; in particular, we used the KruskalWallis test followed by Dunn's post hoc test. Differences at p Յ 0.05 were considered significant. Values are means Ϯ SE (in all figures, error bars represent Ϯ SE).
RESULTS
Progressive loss of Tg P23H-1 rat ON RGC responses.
WT and Tg P23H-1 rat RGCs were initially separated into two groups: ones that were spontaneously active but lacked a visually evoked response (NR) and those with visually evoked responses. Visually responsive RGCs were further subdivided into functional classes based on their excitatory response to light onset (ON), offset (OFF), or both (ON-OFF; Fig. 1A ). In our samples of both WT and Tg P23H-1 rats, the majority of Values are the number of animals in wild-type (WT) group or postnatal day (P) age group of transgenic (Tg) P23H-1 rats recorded from retinal multielectrode array (MEA) or from superior colliculus (SC). Data for MEA groups also include the number of recorded retinal ganglion cells (RGCs) in parentheses. FUNCTIONAL CHANGES IN P23H-1 RAT RGC AND SC VISUAL RESPONSES ON RGCs were sustained and the OFF RGCs were transient (Fig. 1) . We rarely encountered transient ON RGCs in either strain, similar to a previous report (Heine and Passaglia 2011). We only evoked transient responses in OFF RGCs as a result of our stimulus (a sustained intensity increase followed by a transient decrease to darkness). Almost all WT and P35 Tg P23H-1 RGCs were visually responsive (Fig. 1B) . By P300, Tg P23H-1 NR RGCs were recorded much more frequently (n ϭ 51/119, 42.8%) compared with WT (n ϭ 3/188, 1.6%) or P35 Tg P23H-1 (n ϭ 3/94, 3.19%; Fig. 1B; 2 , P Ͻ 0.001 for both comparisons). This increase in NR RGCs is consistent with the progressive loss of Tg P23H-1 photoreceptors and the decline in the electroretinogram and RGCs responses (Aleman et al. 2001; Cuenca et al. 2014; Machida et al. 2000) . The distribution of visually responsive RGCs (Fig. 1 2 , P ϭ 0.465). At P300, the distributions of Tg P23H-1 RGCs differed significantly from that of both WT and P35 Tg P23H-1 RGCs ( Fig. 1C;   2 , P Ͻ 0.0001 for both). The proportion of Tg P23H-1 ON and ON-OFF RGCs dropped to 23.5% and 3.0%, respectively (Fig. 1 , Ci and Cii), and the majority of visually responsive cells were now OFF RGCs (73.5%; Fig. 1Ciii ). This result is consistent with the preferential loss of RGCs with ON responses reported in rd1 and rd10 mice and the RCS rat (Pu et al. 2006; Puthussery et al. 2009; Stasheff 2008) .
To probe specific changes in RGC responses, we quantified and compared the excitatory responses across age and genotype (Fig. 2) . Regardless of age, the Tg P23H-1 ON RGCs that retained visual responses had peak amplitudes similar to those of WT (Fig. 2Ai) . Similarly, P35 Tg P23H-1 ON-OFF and OFF 2 analysis shows that the distribution of functional RGC classes is similar between WT and P35 Tg P23H-1 RGCs, but the distribution for P300 Tg P23H-1 RGCs is significantly different from both (P Ͻ 0.0001 for both). FUNCTIONAL CHANGES IN P23H-1 RAT RGC AND SC VISUAL RESPONSES RGC peak amplitudes were not significantly different from those of WT (Fig. 2 , Aii and Aiii). In contrast, the peak amplitude of P300 Tg P23H-1 OFF RGCs differed from those of both WT and P35 Tg P23H-1 ( Fig. 2Aiii ; Kruskal Wallis, P Ͻ 0.05; Dunn's test: WT, P Ͻ 0.001 and P35 Tg P23H-1, P Ͻ 0.0001). There were too few ON-OFF Tg P23H-1 RGCs at P300 (n ϭ 2) to make a statistical comparison. Similar to the peak amplitude, the response duration for P35 Tg P23H-1 RGCs was not significantly different from that in WT for any RGC class (Fig. 2B) . For P300 Tg P23H-1 RGCs, the response duration for both ON and OFF RGCs was significantly reduced compared with that for both WT and P35 Tg P23H-1 RGCs (Fig. 2, Bi and Biii) .
Spontaneous activity increases and is rhythmic in many OFF and NR Tg P23H-1 RGCs. Two common findings in RGCs of animal models of RP are an increase in overall spontaneous activity (Margolis and Detwiler 2011; Margolis et al. 2008; Stasheff 2008 ) and the presence of a rhythmic component in the spontaneous activity (Margolis et al. 2008 (Margolis et al. , 2014 Menzler and Zeck 2011; Sauve et al. 2001; Stasheff 2008 ). Similar to previous reports, we found no evidence of an increase in spontaneous activity or rhythmic activity in WT RGCs (Borowska et al. 2011; Demas et al. 2006; Freeman et al. 2008; Margolis et al. 2008; Menzler and Zeck 2011; Stasheff 2008) . As reported previously (Sekirnjak et al. 2011) , we found no change in spontaneous activity of ON RGCs in Tg P23H-1 rats at either P35 (4.66 Ϯ 0.89 Hz) or P300 (6.05 Ϯ 0.95 Hz) compared with WT (ANOVA, P ϭ 0.613), but spontaneous activity increased in OFF RGCs at both ages compared with WT (P35: 11.37 Ϯ 9.07; P300: 12.05 Ϯ 6.34; WT: 5.99 Ϯ 0.80 Hz; ANOVA, P Ͻ 0.0001; Bonferroni post hoc, P Ͻ 0.0001 for both).
At both P35 and P300, Tg P23H-1 ON and ON-OFF RGCs lacked rhythmicity (data not shown). Among the P35 Tg P23H-1 OFF RGCs, 7.6% (7/91) had a significant peak in their fast Fourier transform (FFT), indicating a rhythmic component in their spontaneous activity (Fig. 3, A and Bi). At P300, 57.9% of all Tg P23H-1 recorded RGCs showed rhythmic spontaneous activity (n ϭ 69/119 RGCs). These included the majority of the Tg P23H-1 OFF ( Fig. 3Bii ; n ϭ 39/45 OFF RGCs) and NR RGCs ( Fig. 3Biii ; n ϭ 30/51 NR RGCs). The mean fundamental frequency of P300 Tg P23H-1 NR RGCs (9.4 Ϯ 0.61) was similar to P300 OFF RGCs (7.9 Ϯ 0.5 Hz; unpaired t-test, P ϭ 0.067). However, the mean fundamental frequency of rhythmic P35 Tg P23H-1 OFF RGCs (13.8 Ϯ 0.82) was significantly higher than that of P300 OFF RGCs (unpaired t-test, P Ͻ 0.0001). This may indicate a change in the circuitry that generates this rhythmicity between P35 and P300.
Glutamate receptor expression in Tg P23H-1 retina. A loss of ON responses in RGCs is likely to reflect the elimination of their synaptic inputs from ON BCs or a lack of signaling in the ON BCs themselves. To address this question, we examined the expression of mGluR6, the glutamate receptor that initiates signaling in ON BCs to luminance increments. In WT rat retina, expression of mGluR6 was localized to the outer plexiform layer (OPL), where it displayed punctate expression ( Fig.  4Ai) known to localize at the ON BC dendritic tips (Cuenca et al. 2004; Masu et al. 1995; Nomura et al. 1994; Peachey et al. 2012) . A dense labeling was evident near the cone photoreceptor pedicles (PNA-positive profiles). In the Tg P23H-1 retina at P150, although many rod nuclei remain, the density of mGluR6 expression is reduced (Fig. 4Aii ) and predominantly associated with the PNA-positive cone terminals. This result is consistent with the idea that the loss of RGCs with ON or Fig. 2 . The OFF but not the ON Tg P23H-1 RGC response declines between P35 and P300. A: comparison of the peak response for ON (i), ON-OFF (ii), and OFF RGCs (iii) for WT, P35, and P300 Tg P23H-1 rats. Although there are more Tg P23H-1 RGCs with OFF responses at P300, their peak amplitudes are significantly lower than those of WT or Tg P23H-1 P35 responses (Kruskal-Wallis, P Ͻ 0.05; Dunn's post hoc, ***P Ͻ 0.001; ****P Ͻ 0.0001). B: comparison of the response duration for WT, P35, and P300 Tg P23H-1 ON (i), ON-OFF (ii), and OFF RGCs (iii). The response duration was significantly shorter for both Tg P23H-1 ON and OFF RGCs at P300 compared with WT as well as P35 Tg P23H-1 RGCs (Kruskal-Wallis, P Ͻ 0.05; Dunn's post hoc, **P Ͻ 0.01; ***P Ͻ 0.001; ****P Ͻ 0.0001).
ON-OFF responses results from the reduction/absence of signaling in rod and cone ON BCs. In the OPL of the WT rat, expression of GluR4, an iGluR associated with OFF BCs (Grunder et al. 2000; Hack et al. 2001; Peng et al. 1995) , was robust (Fig. 4Bi) , and expression remained in the OPL of the P150 Tg P23H-1 retina (Fig. 4Bii) . Unlike mGluR6, GluR4 was not associated with PNA-positive cone terminals.
ON SC responses reflect their altered retinal input, but OFF SC responses increase.
To examine whether the responses in the SC match their inputs from RGCs, we recorded visually evoked SC responses to the same stimulus used to characterize WT and Tg P23H-1 RGCs. We recorded visually evoked SC responses starting at P50, the earliest age that we could reliably record from rat SC, up to P300. All of the data and comparisons are summarized in Table 2 . We reliably evoked responses across the entire dorsal surface of the SC, regardless of age or genotype and found no SC areas that were unresponsive to our photopic stimulus. At all ages tested, multiunit WT SC responses had both an ON and OFF component (Fig. 5A) . Because WT SC responses were similar across age, we combined all WT data for comparison to Tg P23H-1 responses. Similar to our findings in Tg P23H-1 RGCs at P35, peak amplitude and duration were similar between WT and P50-90 Tg P23H-1 for both ON and OFF SC responses (Fig. 5, C and  D) . In contrast to WT rats, Tg P23H-1 SC ON responses progressively declined with age (Fig. 5B ). This included a significantly reduced ON peak amplitude at P300 (Fig. 5Ci) and decreased ON response duration at P120-150 (Fig. 5Di) . Surprisingly, the OFF SC response peak amplitude (Fig. 5Cii ) and response duration (Fig. 5Dii) increased between P50 and P300.
DISCUSSION
This study compares visual dysfunction in the retina of the Tg P23H-1 rat model of RP to one of its major synaptic targets, the SC. The effects of photoreceptor degeneration on retinal (Lund et al. 1998; Margolis et al. 2008; Pu et al. 2006; Puthussery et al. 2009; Sauve et al. 2001; Sekirnjak et al. 2009 Sekirnjak et al. , 2011 Stasheff et al. 2011 ) and SC function (Sagdullaev et al. 2003; Sauve et al. 2001; Thomas et al. 2004; Woch et al. 2001) have been separately evaluated in several RP animal models. This is the first study to use the same visual stimulation and evaluation approaches to compare how altered retinal output is reflected in visual responses in the SC. The prolonged degeneration in the Tg P23H-1 rat permits a detailed study of the changes in retinal pathways. We find that the proportion of RGCs that respond to light onset decline, but the responses of the remaining ON RGCs retain peak amplitudes and response durations similar to WT RGCs. In the SC, the excitatory responses to light onset are significantly reduced, consistent with a reduction in overall input from ON RGCs. Tg P23H-1 OFF RGCs are largely retained, but their peak amplitudes and response duration are significantly reduced compared with WT RGCs. Surprisingly, SC responses to light offset increase in duration and amplitude compared with WT. This change may Fig. 3 . Many OFF and NR Tg P23H-1 RGCs have a rhythmic component in their spontaneous activity. A, left: example PSTHs and raster plots for representative P35 and P300 Tg P23H-1 OFF and P300 NR RGCs that exhibit rhythmic spontaneous activity. The dashed line represents the zero point for each PSTH. Right, representative 5-s rasters of the spontaneous activity (top) and frequency distributions (bottom) resulting from a fast Fourier transform (FFT) analysis for each RGC shown at left. B: distributions of the peak frequency of the FFT for Tg P23H-1 OFF RGCs at P35 (P35 OFF, i; n ϭ 7), Tg P23H-1 OFF RGCs at P300 (P300 OFF, ii; n ϭ 39), and Tg P23H-1 NR RGCs at P300 (P300 NR, iii; n ϭ 30). The majority of FFT peak frequencies among P35 Tg P23H-1 OFF RGCs were between 13 and 18 Hz. The majority of FFT peak frequencies among Tg P23H-1 P300 OFF and NR RGCs were between 4 and 8 Hz.
reflect altered crossover interaction between the ON and OFF retinal pathways within the SC. The decline in ON RGC inputs may lower inhibition onto SC neurons, and this could increase the response amplitude and duration of OFF SC responses. Alternatively, an increase in convergence of OFF RGC inputs to the SC also could account for our observation, because SC neurons are known to receive synaptic connections from multiple RGCs (Wang et al. , 2010 .
Our results differ from findings of Sekirnjak et al. (2011) , who reported a similar decline in ON and OFF RGCs. Using a full-field light stimulus, we find a significant decline in the proportion of ON RGCs with an increase in OFF RGCs. This difference could be related to the visual stimulation paradigms. We used a full-field stimulus, whereas Sekirnjak and colleagues used a white noise stimulus. The full-field stimulus evokes a response that reflects the summation of the receptive field (RF) center and surround. In contrast, a white noise stimulus (or spots confined within the RF center) evokes responses that are RF center dominated. A direct comparison of these stimuli would be needed to resolve this question. Regardless, our data indicate a differential sensitivity to RP within the retinal circuit between the ON and OFF pathways.
Some of the changes that we note in Tg P23H-1 rat RGCs have been described previously in this (Sekirnjak et al. 2009 ) and other models of RP, including the RCS rat (Pu et al. 2006; Sauve et al. 2001 ) and the rd1 (Stasheff 2008 ) and rd10 mouse (Puthussery et al. 2009 ). In many models there is an increase in spontaneous activity of RGCs that lack a light-evoked response (NR). The onset of this change is directly related to the time course of photoreceptor degeneration. In Tg P23H-1 rats, we find that an increase in spontaneous activity is evident in OFF RGCs, but not ON RGCs, as early as P35. These results are consistent with differential sensitivity of certain RGC classes or retinal pathways to photoreceptor degeneration.
A hallmark of many animal models of RP is the presence of a rhythmic component in the RGC spontaneous activity. We also observe that a rhythmic component is present in ϳ8% of RGCs as early as P35, but only among OFF RGCs. At P300, this percentage increases (ϳ57%) and includes only OFF and NR RGCs. ON and ON-OFF RGCs lack a rhythmic component even as late as P300. These differences suggest a differential effect of photoreceptor degeneration on the ON and OFF retinal pathways. Published data in the rd1 mouse indicate that a large number of rhythmic NR RGCs have ON morphology (Yee et al. 2012 ). This suggests that in the Tg P23H-1 retina, both pathways likely have rhythmic spontaneous activity as the retina degenerates. The initial insult in RP occurs in rod photoreceptors, and they primarily influence the retina through the ON pathway. This implicates the AII amacrine cell in the emergence of rhythmic activity, consistent with previous reports (Borowska et al. 2011; Choi et al. 2014; Trenholm et al. 2012) . Since other models of RP show rhythmic spontaneous activity, including the rd1 and rd10 mouse (Margolis et al. 2014; Pu et al. 2006; Stasheff 2008) as well as models of congenital stationary night blindness (Demas et al. 2006) , deafferentation, either degenerative or due to a lack of required signaling complex proteins, appears to unmask rhythmic spontaneous activity. This is likely a crossover inhibitory mechanism between the ON and OFF pathways in the intact retina (Farajian et al. 2011; Nobles et al. 2012; Werblin 2010 did not observe a rhythmic component in the SC multiunit activity. This suggests that if rhythmicity is transmitted from RGCs to SC neurons, the RGC rhythmicity is not synchronized and may have been masked by recording multiunit activity.
Some changes that occur in retinal function are directly correlated to changes in expression of the receptors that mediate synaptic transmission between the photoreceptor and the ON and OFF bipolar cells. Similar to a previous report (Cuenca et al. 2004) , we also note a decline in mGluR6 receptor expression and pattern in the OPL. At P150, mGluR6 expression is primarily associated with cone pedicles, which is consistent with both the rapid decline in rod signaling and the decline in ON signaling in RGCs. Although we now know that kainate-type receptors mediate OFF BC responses (Borghuis et al. 2014; Puthussery et al. 2014 ), a lack of useful antibodies against kainate receptors precluded an immunohistochemistry investigation of expression levels directly related to OFF BC responses. However, GluR4, an iGluR associated with OFF BCs, is clearly less affected by photoreceptor degeneration in the Tg P23H-1 rat. This difference in glutamate receptor expression may be explained by activity dependence. The lack of glutamate signaling may lead to tonic depolarization of ON BCs, but not OFF BCs, due to the sign-inverting nature of mGluR6. In this scenario, downregulating mGluR6 may prevent excitotoxicity in ON BCs. This question would warrant further investigation to explore the mechanisms for receptor expression at the BC dendrites.
The detailed descriptions of phenotypic changes and their timing described in this study may have important implications for assessment of patients with RP. For example, the changes we observe may be useful for pinpointing the exact circuitry that is highly sensitive to early changes induced by RP. In addition, these changes may be important for evaluating approaches to maintain or restore glutamate receptor expression. For a patient with RP, these results may help define the timing of the earliest changes in RP and determine when therapeutic interventions are appropriate. 
